Virion aggregation in low ionic conditions was observed with small plaque variants of Coxsackievirus type B3 and Echovirus types 4 and I I by sedimentation and filtration methods. Inclusion of salts or DEAE-dextran into the media prevented or reversed virion aggregation. The effect of pH on aggregate formation in low ionic strength solutions was also investigated with various strains of poliovirus. Type I Sabin strain formed aggregates even at high pH, while Mahoney strains did so only below pH 6"5. Type 2 virus, Sabin and MEFI strains, and type 3 virus, Sabin, Saukett and Suwa strains, showed an intermediate behaviour between the two type I strains, except MEFI-LB strain, a clone obtained from MEF I strain under acidic overlay, which showed little tendency to aggregate. These results were compared with the degree of the d character of the strains. Besides the effect of inhibiting virion aggregation, the inclusion of DEAE-dextran into a sucrose gradient slowed the sedimentation of some of the viruses in low ionic strength solutions.
INTRODUCTION
Plaque formation by attenuated poliovirus strains is delayed under acid agar overlay as compared with alkaline overlay (Vogt, Dulbecco & Wenner, I957) , and this property was designated as the d marker. On the other hand, it has been known that plaque formation by a number of viruses is inhibited under conventional agar overlay, resulting in the formation of small plaques. Sulphated polysaccharides in agar were considered to be responsible for the inhibition of plaque formation by small plaque variants under ordinary agar overlay (Takemoto & Liebhaber, I96I) , as well as for the expression of the d character of poliovirus (Agol & Chumakova, I962) . Wallis & Melnick (I968a, b) reported, however, that the enhancing effect of cationic polymers on plaque formation of small plaque variants of enterovirus was accounted for by the promotion of diffusion of virus through agar rather than by the neutralization of anionic polymers in agar, and that an acid environment alone inhibited plaque formation by d variants of poliovirus. Thus, it appeared that the mechanism of the expression of the d character of poliovirus variants and of the inhibition of plaque formation by small plaque variants were similar or closely related. Higher affinity for adsorbents on column chromatography of attenuated type I poliovirus LSc,2ab compared with Mahoney strain ( 
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Radioactively labelled virus and purification. CB 3 and polioviruses were propagated in HeLa cells and Echoviruses were grown in HEL cells. Monolayer cultures grown in plastic plates (118 cm 2 area) were infected with stock viruses at a high input multiplicity. After a i h adsorption period, the cells were washed with o.oi M-phosphate buffer, pH 7"4, containing o.14 i-NaC1 (PBS) and the cultures were fed with IO ml each of MEM containing actinomycin D (2/~g/ml) and incubated at 36 °C. Two h later, IO #Ci/ml of 5,6-~H-uridine (46 Ci/mmol)or 3/~Ci/ml of U-14C-uridine (513 mCi/mmol; Radiochemical Centre, Amersham, England) was added. At 9 h after infection, the cells were washed and freeze-thawed three times in PBS, cell debris was removed by sedimentation at 900 g for 20 rain, and the supernant fluid was centrifuged at IOOOO g for 5 rain. The virus was pelleted by centrifugation in a Spinco SW 5o.I rotor (Beckman Instruments, Inc; Palo Alto, California) at 13000o g for 2 h and resuspended in PBS by sonication for 30 s. After centrifugation at 9oog for Io min, the supernatant was adjusted to a density of 1"34 g/ml with CsC1 and centrifuged at iooooog for I7h in an SW 5o.r rotor. Fractions of o-2ml each were collected dropwise from the bottom of the tube. To determine the acid insoluble radioactivity a IO/~1 portion was spotted on to a Whatman 3-MM paper (25 mm in diam.; W. & M. Balston Ltd, England). The papers were put into a beaker with 5 ~ trichloroacetic acid (TCA) and washed with two changes of TCA and two changes of ethanol. After being dried, the papers were submerged in toluene-based scintillator and radioactivity was counted in an ALOKA scintillation spectrometer. The radioactive peak, which had a density of I"34 g/ml in CsC1 by refractive index, was dialysed against PBS for 30 h. With Echovirus Sp viruses, phosphate buffer containing 0"5 M-NaCI was used for dialysis. Polioviruses were highly purified by sucrose gradient centrifugation (15 to 3o ~o sucrose in PBS) before CsCl density gradient centrifugation. The specific infectivity of 14C-CB3 Lp and aH-CB3 Sp were 2 × io 4 p.f.u./ct/min and that of aH-polioviruses were I x IO 4 p.f.u./ct/ min. Those purified preparations with specific activity of 0"5 to 2 × IO 5 ct/min/ml were kept in ice.
Sucrose gradient centrifugation. Thirty to IOO #1 of labelled virus were layered on to 4.8 ml of a gradient containing 15 to 3 ° ~ sucrose in a specified buffer in tubes fitting an SW 50. ~ rotor. In most experiments, sucrose gradients layered on o'5 ml of a 60 ~ sucrose cushion were used. After centrifugation at 2900o rev/min for 2 h at 5 °C, fractions of about 0.2 ml each were collected dropwise from the bottom of the tube. A o't ml portion of each fraction was counted for TCA insoluble radioactivity as above. For virus assay, aliquots were diluted Ioo-fold with MEM containing I ~ foetal calf serum and stored at -20 °C. Radioactivity recovered in the peak fractions was usually about 6o ~ of the input.
Filtration method. To avoid non-specific adsorption, Millipore filter membranes (Millipore Corp. Bedford, Mass. U.S.A.) were pre-treated with the membrane coating protein solution, which was prepared after Wallis & Melnick (I967). As a membrane coating solution for GF/C filters (Whatman, W. & M. Balston Ltd, England), PBS containing I ~ foetal calf serum was used. A filter, 25 mm in diam., was set in a holder (Millipore Corp, XXIo 02500) connected to a filtering flask and vacuum pump, and treated with 5 ml each of the coating solution, distilled water and a test solution. On this pre-treated filter, o'5 ml of the test solution and radioactive virus (6oo ct/min) was added. The solution was sucked out after the indicated time (mostly I rain), and the filter was washed under controlled suction 4 times with 5 ml of the test solution, dried and counted for radioactivity. The average radioactivity retained on 3 papers was calculated. 
RESULTS
Sucrose gradient centrifugation of Sp and Lp variants of Coxsackievirus B 3
In preliminary experiments on sucrose gradient sedimentation of CB3 viruses, the peak of Sp virus by optical density and infectivity methods was not found at the same position as Lp virus, but in the bottom and top fractions when gradients were made in o-oI M-tris(hydroxymethyl)aminomethane hydrochloride, pH 7"9 (tris/HCl). In a PBSsucrose gradient, however, both viruses sedimented at the same rate. The phenomenon was confirmed with purified labelled viruses. When 3H-labelled Sp and a4C-labelled Lp viruses were mixed and centrifuged in a tris/HCl-sucrose gradient, very little all-radioactivity was recovered in any of the fractions collected, and about zo ~ of the total input radioactivity was found in the pellet. A peak of 14C-radioactivity was found in the middle of the gradient (Fig. I a) . When NaC1 at o'I4 M was added to tris/HC1 (standard condition), both viruses co-sedimented in the same fractions (Fig. I b) . When tris/HCl-sucrose gradients layered on 6o ~ sucrose cushion were used for Sp virus, about 5o ~ of input radioactivity with corresponding infectivity was recovered in the bottom fractions. The results indicate that Sp virus particles have a tendency to form aggregates in a solution of relatively low ionic strength.
It has been shown that protamine sulphate and DEAE-D change the surface charge of Dengue virus (Inouye, Matsuno & Hasegawa, I977) 
(/). When DEAE-D was added
to tris/HCl-sucrose, Sp sedimented as in the standard condition, forming a peak of radioactivity in the middle of the gradient, but Lp sedimented more slowly (Fig. 2b ). When NaCl was added at o'I4 M to DEAE-D/tris/HCl-sucrose, sedimentation profiles of both Lp and Sp were the same as in the standard condition (Fig. 2c ). The peak of radioactivity coincided always with the infectivity peak under these conditions. Since the viscosity of sucrose solution in tris/HCl was not changed significantly by the addition of lOO #g/ml DEAE-D, slower sedimentation of Lp in such a gradient might be due to the formation of a complex of DEAE-D and virions, resulting in a lower density or increased friction of virions. On the other hand, the interaction of DEAE-D with Sp may not be as strong under the force of centrifugation, or only a small amount of DEAE-D may bind to Sp without influencing the sedimentation rate but enough to prevent the aggregation of virions. When the peak fraction of CB3 Lp in the gradient in DEAE-D/tris/HC1 was recentrifuged through the gradient in o. 14 M-NaCl/tris/HC1, it formed a peak in the normal position, indicating that CB3 Lp and DEAE-D made a reversible complex depending on the ionic strength of the solution.
To determine whether the aggregates of CB 3 Sp consisted entirely of virions or involved components of cellular materials such as receptors, the virus preparation was treated with 0"5 ~ NP4o and 0"2 ~oo SDS and layered on to a tris/HCl-sucrose gradient according to the method of Lonberg-Holm 0975). This procedure as well as the inclusion of o'5 NP4o, 2 mM-EDTA or o'5 ~ bovine serum albumin in the gradient produced the same results as in Fig. t (a) . Highly purified CB 3 Sp virions, which were banded through a sucrose gradient in o.14 M-NaC1/tris/HC1 before CsC1 density gradient centrifugation, sedimented to the bottom of the gradient in tris/HC1. 
Sucrose gradient centrifugation of Echovirus 4 and 1 I
The results of sucrose gradient centrifugation of E4 are illustrated in Fig. 3 . Pesascek strain, Lp type virus, behaved as CB3 Lp. Du Toit strain, Sp type virus, sedimented to the bottom in tris/HC1 (Fig. 3 a) . The change of the sedimentation profiles of Du Toit was not completed by the addition of o'I4 M-NaC1, forming only a small peak with less than Io ~ of input radioactivity in the position of the peak of Pesascek strain (Fig. 3b) . When the Concentration of NaC1 was raised to o'5 M, both strains sedimented at the same rate (Fig. 3 e) , which was slower by two fractions than the normal rate of sedimentation of Pesascek virus in tris/HC1 (Fig. 3 a, b) . The lag may be due to the increased viscosity and density of the gradient by o'5 M-NaCI. Both viruses sedimented very slowly through the gradient in tris/HCt with Ioo #g/ml DEAE-D (Fig. 3d) . The stability of the complex of virus and DEAE-D may not differ between Lp and Sp in this serotype. In the gradient containing tris/HC1 with o'I4 M-NaC1 and Ioo/zg/ml DEAE-D, both viruses showed the peak of virions in the normal position (Fig. 3e) . The results with EI I, ~I6-Lp and I I6-Sp were almost the same as with E4 except that about to ~ of ~ I6-Sp was sedimented in the peak position of Lp in a tris/HCl-sucrose gradient, whereas no radioactivity was found in the same fractions in tris/HC1 with o.I 4 M-NaCI. 
Sedimentation of CB3 virus at IOOOO g
To obtain more evidence of aggregation of CB3 Sp virus, a 50/zl portion of virus was put into a polyallomer tube containing o'95 ml of tris/HC1 or PBS. After I h at 5 °C, the tube was centrifuged at Ioooog for I5 or 6o rain at 5 °C and the radioactivity in o.I ml of the supernatant was determined. The pellet was resuspended in I ml of PBS by sonication for 30 s and the radioactivity in o.t ml of the suspension was also counted. Under these conditions CB3 Lp was not sedimented, while the radioactivity of CB3 Sp in the supernatant in tris/HC1 was reduced by 5o and 8I ~ after centrifugation for I5 and 6o min, respectively, and the corresponding radioactivity was recovered from the pellet.
Determination of the extent of aggregate formation by filtration
For detailed analysis of virion aggregation, the filtration method was developed as described in Methods. As shown in Table I , almost all the radioactivity of CB 3 Sp in tris/HCl was retained on a Millipore filter of pore size 5 ° to 220 #m, and even on a GF/C glass fibre filter. The reaction was independent of the incubation time. The radioactivity on a filter was easily removed by washing with PBS, suggesting the reversibility of aggregate formation. In contrast to CB 3 Sp, CB 3 Lp passed through all the filters under the same conditions. To investigate the relation between virion aggregation and concentration of various salts and DEAE-D, the GF/C filter method was applied to Sp viruses. Fig. 4 shows that less radioactivity was retained on filters when the concentration of salts or DEAE-D in tris/HC1 was increased. KC1 had almost the same activity as NaC1, while MgSO4 and A1C1 a were ten times more effective than NaC1 on a molar basis. The amount of NaC1 required to prevent virion aggregation differed with CB3 Sp and E4 Du Toit or Eli II6-Sp. Ten mM-MgSO4, loomM-NaC1 or KCI, or Io#g/ml DEAE-D reduced retention of CB3 Sp virus on the filter almost completely. With 5oo mM-NaC1, E 4 Du Toit and EII r I6-Sp strains could be prevented from aggregating. Besides the salts and DEAE-D, o.2 ~o of gelatin was also fully effective, in contrast to 5 ~o bovine serum albumin which reduced by only 5o ~ the amount of CB3 Sp radioactivity retained.
Aggregation of Sabin I poliovirus
When 3H-labelled Sabin I was tested by the filtration method in tris/HC1, pH 7"9, 3o ~ of virus was retained on a filter and aggregate formation was prevented with o'o3 MNaC1 (Fig. 4a) . Aggregate formation was enhanced with decreasing pH of the solution. No aggregation was detected with 3H-Mahoney strain under the same conditions. This 
(O--Q) and Mahoney (O---O); type 2, Sabin a (A--A), MEFI (V--V) and MEFI-LB (A---~); type 3, Sabin 3 (I--I), Saukett (@--@) and Suwa (ES---[])
viruses were incubated at various pH in o-oI M-TM buffer (a, d, g), TM buffer containing o'ot MNaC1 (b, e, h) or o'o3 M-NaC1 (c, f, i). Percentage radioactivity retained on the filter was shown. Table 2 shows the results ofa d marker test in Vero cell cultures with ~H-uridine labelled virus preparations. Among Sabin vaccine strains type I virus showed the highest plaque inhibition under low bicarbonate overlay, while type 3 virus was inhibited least. This is in accordance with the previous observations (B6ttiger, I966) that the d marker test for Sabin 2 and 3 was influenced by incubation temperature, d-character not being observed at 35 °C-When DEAE-D (Ioo #g/ml) was added to the low bicarbonate overlay, the number of plaques produced by Sabin t and 2 was enhanced, as reported earlier (Bengtsson et al. I964; Wallis & Melnick, I968b) . The titre of MEFr was reduced in acidic overlay, and the plaque morphology indicated that the stock of MEFI was a mixed population of large-plaque and small-plaque virus. Inclusion of DEAE-D in the acidic overlay was effective in enhancing only the number of small plaques. Saukett strain of type 3 virus was similar to Sabin 3. Mahoney and Suwa strains, as well as a cloned virus from MEFL MEFI-LB, were neither influenced by acidic overlay nor by the addition of DEAE-D. 
d marker test of labelledpolioviruses
Aggregation of polioviruses shown by filtration
To assess the extent of aggregate formation by poliovirus under different conditions, labelled virus preparations incubated in o.oI M-tris/maleate buffer (TM buffer) at pH 5"5 to 8.o were passed through GF/C filters and the radioactivity retained on the filters was compared. As illustrated in Fig. 5 , type I strains, Mahoney and Sabin I, showed a marked difference. At pH 8-o a considerable amount of Sabin I was retained on the filter, while Mahoney virus did so only at a pH lower than 6.o (Fig. 5a ). When the salt concentration was increased by adding NaC1, less radioactivity was retained on the filter (Fig. 5b, c) . The results with type 2 and 3 viruses were not so striking as with type : virus (Fig. 5 d to i) . The extent of aggregate formation of the strains lay between Sabin I and Mahoney. Only MEFI-LB was distinct from others in regard to aggregate formation. Similar results were obtained with each strain of poliovirus in o.oo2 M-phosphate buffer at pH 6-0 to 8.o.
Sucrose gradient centrifugation of polioviruses
To obtain more convincing evidence on different degrees of aggregation of poliovirus strains, labelled virus was centrifuged in sucrose gradients in TM buffer at various pH. The results are depicted in Fig. 6 to 8 . In each set of experiments, strains to be examined were centrifuged in parallel in the same rotor. The experiment was repeated with each strain at least twice. As shown in Fig. 6 , Sabin I was not recovered as highly concentrated radioactivity in any particular fractions when centrifuged in TM buffer at pH 6-0 to 8-o, but when NaC1 was added to a concentration of o-: M, a sharp peak of radioactivity was observed in the same fraction as Mahoney virus. Mahoney strain sedimented as a single peak of radioactivity at pH 7"0 or higher, but when the pH was lower than 6"5 a broad shoulder of radioactivity was observed at the bottom of the gradient, corresponding to that of Sabin I at all pHs examined. This shoulder may indicate the aggregated virus. MEF~-LB showed partial aggregation at pH 7"o, but not at pH 7"5 ( Fig. 7 )-Other strains, Sabin 2, MEF[, Sabin 3, Saukett and Suwa, showed very similar patterns of sedimentation, with no aggregation at pH 8"o, partial aggregation at pH 7"5 and complete aggregation at pH 7"o or lower (Fig. 7, 8 ).
In connection with the effect of DEAE-D on the plaque formation by Sabin I (Table 2) , its effect on the profile of sucrose gradient sedimentation of type I poliovirus was examined. Sabin I and Mahoney were centrifuged in parallel in I5 to 3o ~ sucrose gradients in TM buffer at pH 7"5 supplemented with Ioo/~g/ml DEAE-D. Sabin I showed a peak in the middle similar to that of the gradient containing salt, while the Mahoney strain sedimented more slowly to form a peak in the upper one fourth of the gradient. The results were similar to those obtained with CB 3 Sp and Lp viruses. Virion aggregation is a rather common phenomenon among picornaviruses as has been observed with rhinoviruses I973) and the property has even been used as a purification procedure of poliovirus (Bachrach & Schwerdt, I952) and ME-virus (Rueckert & Sch/ifer, I965) . It should be emphasized that virus mutants which have the same antigenicity but differ in plaque morphology and virulence showed different aggregation properties under certain conditions. Balayan et al. (197o) reported that moderately virulent strains of type 2 poliovirus appeared to be present as agglomerates of virus particles in solid overlays, particularly in acid medium. They considered that this property was related to the delayed appearance of plaques in the intratypic strain differentiation test, but the strains they studied were quite limited. Also, it was not elucidated whether the aggregates consisted entirely of virions or included components of the overlay and/or cell fragments. More recently, Fiszman, Bucchini & Girard (197 0 found that Sabin type I poliovirus was aggregated in the presence of SDS or sarkosyl in a low ionic solution, while no such aggregation was observed with Mahoney strain. In the present study it was revealed that the degree of aggregation in a low ionic solution at a specified pH was markedly different among poliovirus strains. The results seem to correlate to a certain extent with the degree of the d character.
On calcium phosphate chromatography, Lp variants were eluted at a lower ionic strength of buffer than Sp variants as reported for encephalomyocarditis (Burness, I967), mengo (Scraba, Hostvedt & Colter, I969), Sindbis (Bose, Carl & Sagik, I97O) , and Venezuelan equine encephalomyelitis viruses (Pedersen, Slocum & Robinson, I972) . The differentiation between Sabin ~ and Mahoney by chromatographic behaviour was known as e marker (Hodes, Zepp & Ainbender, I96O; Woods & Robbins, 1961; Koza, I963) . This property was thought to be due to the interaction and adsorption of virus to the column by its surface charge, but might be accounted for, at least in part, by aggregation and disaggregation of virions depending on the ionic strength of a buffer, as was clearly shown by our filtration experiments. Extensive work by Bengtsson et al. 0964) with Sabin type I virus by chromatography on both anion and cation exchangers using various buffers at a pH below and above the isoelectric point of virus gave rise to rather complicated results. The elution patterns were dependent on the buffers used for elution, but not on the pH of the solution. Under certain conditions their results appeared to us to indicate that the column did not necessarily work solely as an ion exchanger.
It was noted that when Sp and Lp type viruses were mixed in a low ionic strength buffer, only aggregates of Sp virions were formed, without involving Lp virions. This may be useful for selecting each type of plaque variant from a mixed population. Since various treatments of purified virions did not change the ability of Sp type virus to form aggregates under low ionic conditions, such a property may be inherent to the capsid protein of Sp viruses. According to the structural model of CB3 virus (Philipson, Beatrice & Crowell, ~973) , even a slight modification of amino acid sequence in one subunit protein may produce an alteration of the ionic atmosphere of the virion surface. It is thus suggested that some mutants with their mutation sites on virus protein may easily form aggregates of virions. Cooper (I969) suggested that several markers, such as d, e, m and others which seemed to be concerned with virion proteins involved in adsorption of virus to host ceil, might reflect the same or closely linked mutational events, and later located the m character in the structural protein region of the genetic map of type I poliovirus (Cooper, 
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Geissler & Tannock, I975). The term m marker refers to sensitivity to dextran sulphate (Takemoto & Liebhaber, 1962) . The effect of DEAE-D in preventing aggregate formation of Sp viruses is of interest with reference to its enhancing effect on plaque size under agar overlay. The observation by Wallis & Melnick (1968 a) that cationic polymers included in the solid overlay enhanced diffusion of virus could be explained if it is assumed that Sp type viruses were not fully dispersed under agar owing to the tendency to aggregate and DEAE-D prevented the virus aggregation. It is thus highly likely that aggregate formation takes part in delaying the appearance of plaques. The tendency to aggregate may be influenced by temperature, viscosity of the solution, constituents of the overlay including sulphated polysaccharides. The effect of agar extract or dextran sulphate on virion aggregation remains to be elucidated. DEAE-D may bind to each virus particle, making a complex which sediments more slowly than normal virions in sucrose gradients, as shown in the present study. Slowly sedimenting virions in DEAE-D solution were complete virions with infectivity. The binding was shown to be reversible by adding an appropriate concentration of salts. The stability of the binding may depend on the surface charge of viruses and the concentration of DEAE-D and salts. A lower rate of sedimentation of an m-strain (Sabin I) on centrifugation in DEAE-D gradients (Bengtsson et al. I964) seems to contradict our results that Mahoney strain sedimented slowly through a tris/HCl-sucrose gradient supplemented with Ioo/~g/ml DEAE-D. The different concentration ofpolycation they used (I to 8 mg/ml) compared with the present experiments might have accounted for the discrepancy in the results.
As for the previous report on enterovirus aggregation, Wallis & Melnick (1967) stated that virus aggregation caused the non-neutralizable persistent fraction, and efficient neutralization occurred only when the poorly neutralizable virus preparation was filtered through membranes with small pore size. The virus mainly examined by them was the Pesascek strain of Echo 4, which is a non-aggregating Lp type virus under our experimental conditions. The aggregates which are responsible for poor neutralizability of virus may possibly be the complexes of virions and cellular components which exist in crude virus preparation.
The relationship between the degree of virion aggregation of various poliovirus strains and their monkey neurovirulence remains to be elucidated. Bodian (I954) showed that there was some variation among wild poliovirus strains in virulence to monkeys after intravascular inoculation. Mahoney strain produced much higher paralytic response than type 2 YSK and type 3 Saukett strains. Sabin 3 virus is known to be rather difficult to differentiate from yirulent strains in some genetic markers (Woods & Robbins, I96I; Wallis et al. I962; Koza, 1963; Bengtsson, I966; B6ttiger, I966 ) . It is also noted that Sabin 3 virus is genetically less stable than the other two serotypes of Sabin strains, and the aetiological relationship between vaccine-associated cases of disease and Sabin 3 virus has been suspected (Furesz et al. I964; Henderson et al. 1964; WHO memorandum, 1969) . Bengtsson (i966) could isolate an m-strain of type 2 poliovirus through the countercurrent distribution method, but failed to isolate m-type 3 strain. It may be worthwhile trying to isolate type 2 and 3 poliovirus variants with as high an efficiency of aggregate formation as Sabin I and examine their monkey neurovirulence as well as other genetic markers.
